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S t r u c t u r a l  a l l o y s  embody i n t e r n a l  mechanisms t h a t  a l l o w  r e c o v e r y  o f  s t a t e  
w i t h  v a r y i n g  s t r e s s  and e leva ted  temperature; t h a t  i s ,  t hey  can r e t u r n  t o  a 
s o f t e r  s t a t e  f o l l o w i n g  pe r iods  o f  hardening. Such m a t e r i a l  behav io r  i s  known 
t o  s t r o n g l y  i n f l u e n c e  s t r u c t u r a l  response under some impor tan t  thermomechani- 
c a l  loadings;  for example, those i n v o l v i n g  thermal r a t c h e t i n g .  Here, we inves- 
t i g a t e  the  i n f l u e n c e  o f  dynamic and thermal recovery on t h e  creep b u c k l i n g  o f  
a column under v a r i a b l e  l oad ing .  The column i s  taken as the  i d e a l i z e d  (Shan- 
l ey )  sandwich column. The c o n s t i t u t i v e  model, u n l i k e  the  commonly employed 
Nor th  creep model, i nco rpo ra tes  a r e p r e s e n t a t i o n  o f  bo th  dynamic and thermal 
( s t a t e )  recovery.  The m a t e r i a l  parameters o f  t h e  c o n s t i t u t i v e  model a re  chosen 
t o  c h a r a c t e r i z e  Narloy-Z, a r e p r e s e n t a t i v e  copper a l l o y  used i n  t h r u s t  nozz le  
l i n e r s  of reusable r o c k e t  engines. V a r i a b l e  l o a d i n g  h i s t o r i e s  i n c l u d e  r a p i d  
c y c l i c  un load ing / re load ing  sequences and i n t e r m i t t e n t  r e d u c t i o n s  o f  l o a d  for 
extended pe r iods  o f  t ime; these a re  superimposed on a cons tan t  load.  The c a l -  
c u l a t e d  r e s u l t s  show t h a t  s t a t e  recovery s i g n i f i c a n t l y  a f f e c t s  creep b u c k l i n g  
under v a r i a b l e  l oad ing .  
t i v e  r e l a t i o n s  can l e a d  t o  nonconservat ive p r e d i c t i o n s  o f  t h e  c r i t i c a l  creep- 
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F a i l u r e  t o  account f o r  s t a t e  recove ry  i n  t h e  c o n s t i t u -  
I 
I b u c k l i n g  t ime.  

INTRODUCTION 

The i n f l u e n c e  o f  dynamic and thermal recovery on t h e  h i g h  temperature 

For example, recovery i s  b e l i e v e d  t o  p l a y  a major r o l e  i n  one of  t h e  
behavior  o f  s t r u c t u r a l  a l l o y s  i s  well recognized (refs. 1 and 2 ) .  (See f i g s .  1 
and 2 . )  
c e n t r a l  s t r u c t u r a l  problems r e l a t i n g  to  l i q u i d  metal  breeder r e a c t o r  design, 
t h e  problem o f  thermal r a t c h e t i n g .  F a i l u r e  t o  account for recove ry  e f fec ts  i n  
s t r u c t u r a l  analyses i n v o l v i n g  repeated thermal t r a n s i e n t s  has been shown to 
g i v e  qual  1 t a t i v e l y  i n c o r r e c t  and nonconservat ive p r e d i c t i o n s  o f  r a t c h e t i n g  i n  
some instances ( r e f .  3 ) .  Specia l  p r o v i s i o n s  f o r  t a k i n g  recove ry  i n t o  account 
(e.g., t he  so c a l l e d  a - rese t  procedure ( r e f . 4 ) )  a re  now f i n d i n g  t h e i r  way 
i n t o  documents g u i d i n g  s t r u c t u r a l  a n a l y s i s  i n  t h e  U . S .  n u c l e a r  i n d u s t r y .  The 
e f f e c t s  of thermal r a t c h e t i n g  have a l s o  been observed i n  t h r u s t  n o z z l e  l i n e r s  
of reusable r o c k e t  engines. 

A second area i n  which recove ry  e f f e c t s  a re  thought  to  p l a y  a p r lmary  
role, and one t h a t  impacts e s s e n t i a l l y  a l l  h i g h  temperature system design, i s  
t h a t  of creep c rack  growth under c reep- fa t i gue  ( v a r i a b l e  s t r e s s )  c o n d i t i o n s .  
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Creep ( s t a t e )  recovery i s  b e l i e v e d  to  be one o f  the  main causes o f  a c c e l e r a t i o n  
o f  crack growth i n  t h e  creep regime and under v a r i a b l e  loads.  A s tudy by Kubo 
( r e f .  51, u s i n g  the same c o n s t i t u t i v e  r e l a t i o n s  ( r e f s .  2 and 6) employed i n  
t h e  present  work, shows t h a t  t he  exper imen ta l l y  observed a c c e l e r a t i o n  o f  creep 
cracks under v a r i a b l e  s t r e s s  can be p r e d i c t e d  through the  i n c l u s i o n  o f  appro- 
p r i a t e  mechanisms o f  recove ry  i n  the  c o n s t i t u t i v e  r e l a t i o n s .  

I n  t h i s  paper we d iscuss a t h i r d  area o f  mechanics i n  which recove ry  i s  
expected t o  have s i g n i f i c a n t  i n f l u e n c e ,  t h a t  i s  t h e  problem o f  creep b u c k l i n g  
under v a r i a b l e  loading.  The presence o f  mechanisms o f  recovery can a l l o w  creep 
s t r a i n  r a t e s  to  increase f o l l o w i n g  pe r iods  o f  hardening and thus cause a c c e l e r -  
a t i o n  o f  creep b u c k l i n g .  Load r e v e r s a l s  may be accompanied by dynamic recove ry  
as i n  f i g u r e  1 ,  and load  r e d u c t i o n s  by thermal recove ry  as i n  f i g u r e  2;  i n  
e i t h e r  case, creep r a t e s  a re  increased upon r e l o a d i n g ,  which tends to  reduce 
t h e  c r i t i c a l  t i m e  t o  b u c k l i n g .  

I n  the  v a s t  m a j o r i t y  o f  creep-buck l ing s tud ies  t h e  c o n s t i t u t i v e  model used 
has been o f  the  Norton type ( r e f s .  7 t o  9 )  wherein t h e  (s teady s t a t e )  creep 
r a t e  i s  taken as a f u n c t i o n  of  s t r e s s  and temperature alone. Some i n v e s t i g a -  
t i o n s  have made use o f  hardening t h e o r i e s  ( r e f s .  10 t o  12) t h a t  i n c l u d e  a p r i -  
mary creep phase. However, these t h e o r i e s  do not g e n e r a l l y  a l l o w  fo r  i n e l a s t i c  
s t a t e  recovery and, consequent ly,  for r e j u v e n a t i o n  o f  p r imary  creep. These 
c o n s t i t u t i v e  t h e o r i e s  a re  adequate i n  the  case o f  cons tan t  l o a d i n g  b u t  may s i g -  
n i f i c a n t l y  ove r  p r e d i c t  t h e  t i m e  to  b u c k l i n g  under c e r t a i n  types o f  v a r i a b l e  
loading.  

Here, we examine the  e leva ted  temperature creep-buck l ing problem under 
v a r i a b l e  l o a d i n g  us ing  t h e  simple Shanley model ( r e f .  13) o f  a column b u t  w i t h  
a c o n s t i t u t i v e  model ( r e f s .  2 and 6) t h a t  embodies a r e p r e s e n t a t i o n  o f  bo th  
dynamic and thermal recove ry .  The c o n s t i t u t i v e  model i s  t h a t  developed p r i n c i -  
p a l l y  by Robinson a t  Oak Ridge Na t iona l  Laboratory  and NASA Lewis Research Cen- 
t e r ;  and t h a t  used by Kubo i n  s tud ies  concerning creep c rack  growth.  

The p resen t  s tudy was mo t i va ted  p a r t l y  by the  occurence of what appears 
t o  be l o c a l  r a t c h e t i n g - b u c k l i n g  f a i l u r e s  i n  the  t h r o a t  l i n e r  o f  the  main t h r u s t  
nozzles o f  reusable r o c k e t  engines, n o t a b l y  the  NASA Space S h u t t l e  main engine. 
For t h a t  reason the m a t e r i a l  parameters used i n  the  c o n s t i t u t i v e  equat ions a r e  
chosen to  rep resen t  a copper a l l o y ,  Narloy-Z, which i s  t y p i c a l  o f  m a t e r i a l s  
used i n  r o c k e t  engine t h r u s t  nozz le l i n e r s .  

We s h a l l  f i r s t  s t a t e  t h e  c o n s t i t u t i v e  model and, secondly, s p e c i f y  t h e  
geometry o f  the  Shanley column model. We then i n v e s t i g a t e  creep-buck l ing 
behavior under constant  l oad ing ;  c y c l i c  l o a d i n g  which i nc ludes  r e l a t i v e l y  r a p i d  
load reduc t i ons  and r e v e r s a l s  (dynamic recovery) ;  and c y c l i c  l o a d i n g  which 
i nc ludes  i n t e r m i t t e n t  r e d u c t i o n s  o f  load fo r  extended pe r iods  o f  t ime  ( thermal  
recovery) .  
creep model, a re  repeated for comparison. Some p h y s i c a l  aspects assoc ia ted  
w i t h  the c o n s t i t u t i v e  model a re  discussed a long w i t h  the  r e s u l t s .  F i n a l l y ,  we 
s t a t e  the  conclus ions drawn f rom the study. 

Some o f  the c a l c u l a t i o n s ,  u s i n g  a r o u g h l y  e q u i v a l e n t  Norton type 

THE CONSTITUTIVE THEORY 

We make use o f  the  
g i ves  the  complete m u l t  

c o n s t i t u t i v e  law r e p o r t e d  i n  references 2 and 6, which 
a x i a l  statement o f  the  model. Here, we s t a t e  the  mode 

462 



I 

I 

i n  u n i a x i a l  t e r m s  t o g e t h e r  w i t h  t h e  co r respond ing  parameter  va lues  a p p r o p r i a t e  
for  t h e  copper a1 loy Nar loy-Z .  

Flow law: 

; F 5 0 or F > 0 and U(U-U) 5 0 Io 
E v o l u t i o n a r y  law:  

I 

i n wh ich  

and 

Rlalm-’sgn a; a > a and uu > 0 0 

a = (  

A = 1 . 6 0 ~ 1 0 - 8  
n = 4  

m = 8.73 

p 
~2 = 209.6 - 0.20(T)  
H = 1 . 4 6 ~ 1 0 7  

R = 1 . 0 6 ~ 1 0 - ~  

= 1 . 0 7 ~ 1 0 - ~  ( T 2 )  + 1 .60  

( 2 )  

( 4 )  

uo = 0.2 

Also, EP i n d i c a t e s  t h e  i n e l a s t i c  s t r a i n  r a t e  i n  h r -1  and 
u n i a x i a l  s t r e s s  i n  MPa. I n  t h e  genera l  form of  t h e  t h e o r y ,  K (MPa) i s  a 
Bingham-Prager t h r e s h o l d  s t r e s s  p l a y i n g  t h e  r o l e  o f  a s c a l a r  s t a t e  v a r i a b l e ;  
h e r e  i t  i s  t aken  t o  have t h e  c o n s t a n t  v a l u e  g i v e n  above. For p r e s e n t  purposes,  
u (MPa) i s  t h e  s i n g l e  i n e l a s t i c  s t a t e  v a r i a b l e .  I t  r e p r e s e n t s  t h e  u n i a x i a l  
component o f  a t e n s o r i a l  s t a t e  v a r i a b l e  ( i n t e r n a l  s t r e s s )  t h a t  appears i n  t h e  
m u l t i a x i a l  f o r m u l a t i o n  of t h e  t h e o r y .  The minimum a t t a i n a b l e  v a l u e  o f  1.1 i s  
uo which  p l a y s  a p r i m a r y  ro le i n  t h e  r e p r e s e n t a t i o n  of dynamic r e c o v e r y .  (See 
D i  scuss ion.  ) 
( T ) ,  a r e  c o n s i s t e n t  w i t h  t h e  u n i t s  MPa, h r ,  and degrees K e l v i n .  The e l a s t i c  
response i s  c h a r a c t e r i z e d  by a l i n e a r l y  tempera tu re  dependent Young’s  modulus 
E (MPa) g i v e n  by 

U, t h e  a p p l i e d  

The rema in ing  parameters ,  i n  some cases f u n c t i o n s  o f  tempera ture  

E = 1 . 4 7 ~ 1 0 5  - 70.5(T> ( 5 )  
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Equations ( 1 )  t o  (4)  i n c o r p o r a t e  both dynamic and thermal recovery and the re -  
f o r e  a re  capable o f  p r e d i c t i n g  the  type of  behavior  i l l u s t r a t e d  i n  f i g u r e s  1 
and 2 .  

The parameter values fo r  Narloy-Z were determined from u n i a x i a l  t e n s i l e  
and s t r e s s  r e l a x a t i o n  t e s t  data.  
r e q u i r e d  t o  c h a r a c t e r i z e  a p a r t i c u l a r  a l l o y  by u s i n g  the  present  c o n s t i t u t i v e  
theo ry  was n o t  a v a i l a b l e ,  t he  t e n s i l e  and r e l a x a t i o n  da ta  had t o  be considered 
s u f f i c i e n t .  

Because the  complete data base no rma l l y  

T e n s i l e  da ta  were  found ( r e f .  14) over  a wide temperature range (-30 t o  
811 K )  b u t  a t  o n l y  a s i n g l e  s t r a i n  r a t e  0.002/sec. L i m i t e d  s t r e s s  r e l a x a t i o n  
d a t a  ( r e f .  15) were  found a t  t he  temperature 811 K (1000 O F ) ;  these were used 
i n  the  absence o f  creep data.  The most se r ious  da ta  de f i c iency  i n  the  p resen t  
c o n t e x t  i s  t he  l a c k  o f  t e s t s  g i v i n g  a d i r e c t  measurement o f  recovery e f f e c t s ;  
t h a t  i s  such t e s t s  as s t r a i n  or s t r e s s  t r a n s i e n t  d i p  t e s t s  o r  open loop  c y c l i c  
t e s t s  i n v o l v i n g  p a r t i a l  s t r e s s  r e v e r s a l s .  Nevertheless,  i t  i s  b e l i e v e d  t h a t  
t he  m a t e r i a l  c h a r a c t e r i z a t i o n  i s  adequate for a reasonably q u a n t i t a t i v e  s tudy 
o f  creep-buck l ing behavior  under v a r i a b l e  s t r e s s .  

equa t ions  ( 1 )  t o  ( 4 ) .  F igu re  4 s i m i l a r l y  compares t y p i c a l  r e l a x a t i o n  responses 
w i t h  a p r e d i c t i o n .  
d i c t i v e  c a p a b i l i t y  o f  the  c o n s t i t u t i v e  model b u t  s imply  as an assessment o f  
c o r r e l a t i o n  w i t h  e x i s t i n g  data.  
t heo ry  has been adequate ly  demonstrated r e l a t i v e  to  o t h e r  a l l o y s  i n  e a r l i e r  
p u b l i c a t i o n s  ( r e f s .  2 and 6) .  

F igu re  3 shows a comparison of the  t e n s i l e  da ta  w i t h  p r e d i c t i o n s  based on 

N e i t h e r  f i g u r e  i s  in tended as a demonstrat ion o f  the pre-  

The p r e d i c t i v e  c a p a b i l i t y  o f  the  c o n s t i t u t i v e  

THE SHANLEY COLUMN 

The column model adopted here i s  t he  sandwich i d e a l i z a t i o n  i n t roduced  by 
Shanley ( r e f .  13) and used by Kachanov ( r e f .  16) and o t h e r s .  The column geome- 
t r y  i s - i n d i c a t e d  i n  f i g u r e  5- 
t he  s lender  bar  elements 1 and 2 o f  l e n g t h  h and cross s e c t i o n a l  
The remainder of  the column o f  l e n g t h  L (L>>h)  remains r i g i d .  The 
the column, t h a t  i s ,  t he  d i s tance  separa t i ng  bars 1 and 2, i s  a l s o  

A l l  o f  t h e  deformat ion i s  presumed 

The column i s  loaded by a t i m e  dependent l oad  P ( t )  (shown pos 

o occur  i n  
area A/2. 
w i d t h  o f  
taken as h. 

t i v e ) ;  t he  
l a t e r a l  d isplacement of the  l oad  p o i n t  a t  any t i m e  i s  denoted by u ( t > .  The 
s t r e s s  and t o t a l  s t r a i n  i n  bars 1 and 2 a re  denoted by ul, u2,  and el = 61/h 
and e2 = fi2/h, r e s p e q t i v e l y .  

E q u i l i b r i u m  r e q u i r e s  t h a t  

~ 

and 

I 

I where uo = P I A .  

2u0 u2 + u1 = (6) 

( 7 )  
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D i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t ime  p rov ides  t h e  r a t e  form o f  t h e  equ i -  
l i b r i u m  equa t ions ,  

6,  + Ul = 2U0 (8) 

i and 
I 

(9) 4u . u 
U2 - U, = Uo + 4U0T;- 

I From geomet r ic  c o n s i d e r a t i o n s  ( f i g .  5) t he  c o m p a t i b i l i t y  c o n d i t i o n  i s  
o b t a i n e d  as 

61 - 6 ,  u - uo - -  
h - L  

I 
I or 

u - uo 
el - e2 = - L 

(10) 

( 1 1 )  

i n  wh ich  uo i s  t h e  i n i t i a l  d isp lacement  ( i m p e r f e c t i o n ) .  The r a t e  form o f  the  
c o m p a t i b i l i t y  r e l a t i o n  i s  

(12)  u 
L el - e ,  = - 

Decomposing the  t o t a l  s t r a i n  r a t e s  i n  each bar  i n t o  e l a s t i c  and i n e l a s t i c  
c o n t r i b u t i o n s  g i v e s  

O1 . p  
+ El e, = E 

O2 .p  e2 = E + c 2  

(13 )  

(14)  

where E i s  t h e  Young's modulus as s p e c i f i e d  i n  equa t ion  (5). The i n e l a s t i c  
s t r a i n  r a t e s  E ;  and E! are ,  o f  course, o b t a i n e d  by a p p l y i n g  the  i n e l a s t i c  
c o n s t i t u t i v e  equa t ions  ( 1 )  t o  (4 )  to  each ba r .  

Combining the  e q u i l i b r i u m  equa t ions  (8) and X 9 1 ,  t h e  c o m p a t i b i l i t y  equa- 
t i o n  (121, and the  c o n s t i t u t i v e  r e l a t i o n s h i p s  (13) and (14) leads  to  . _- 

6, (1 + Eh 4L uo) = uo (1 + 4L uo - 2u) - p oo ( E ;  - E ! )  (15)  
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Under cons tan t  compressive s t r e s s  ( ! .e . ,  oo < 0 and 6,  = 01, and i n  t h e  

absence o f  i n e l a s t i c i t y  (i; = E* * p  = 01, e q u a t i o n  (15) g i v e s  the  E u l e r  c r i t i c a l  
s t r e s s  for  t h e  i d e a l i z e d  column as 

Eh 
uc = 4L 

F u r t h e r ,  c a l l i n g  

aO 
P=; 

C 

and 

2u 
h q = -  

(16) 

(17) 

(18) 

where Q i s  termed the  nondimensional  d isp lacement ,  we have from e q u a t i o n  (15)  

Now, from e q u a t i o n  ( 6 )  

6, = 2u0 - u1 

and from equa t ions  ( 1 2 ) ,  (131, (141, and (18)  

(20) 

The coup led  s y s t e m  o f  equat ions  ( 1 1 ,  ( 2 1 ,  (3), (19> ,  (20 ) ,  and ( 2 1 )  
t o g e t h e r  w i t h  the  a p p r o p r i a t e  i n i t i a l  c o n d i t i o n s ,  i n c l u d i n g  the  i n i t i a l  imper- 
f e c t i o n  qo = q(O), a l l o w  the  (nond imens iona l )  d isp lacement  q ( t )  t o  be ca l cu -  
l a t e d  f o r  a s p e c i f i e d  tempera ture  T ,  E u l e r  c r i t i c a l  s t r e s s  oc, and h i s t o r y  o f  
l o a d i n g  uo(t).  The r e s u l t s  o f  severa l  such c a l c u l a t i o n s  fo r  v a r i o u s  l o a d i n g  
h i s t o r i e s  a r e  p resented  i n  t h e  f o l l o w i n g  s e c t i o n .  

RESULTS 

A l l  o f  t h e  c a l c u l a t e d  r e s u l t s  a r e  i so the rma l  w i t h  the  tempera ture  taken 
t o  be 811 K (1000 O F ) .  i s  200 MPa and the  load- 
i n g / u n l o a d i n g  ramp r a t e  l U o l  i s  96 MPa/sec. 
was i n t e g r a t e d  u s i n g  a s e l f - a d a p t i n g  Adams-Bashfcrth p r e d i c t o r - c o r r e c t o r  method 
w i t h  a f o u r t h - o r d e r  Runge-Kutta method as a s t a r t e r .  
performed i n  doub le  p r e c i s i o n  on a Prime 850 computer w i t h  an upper e r r o r  bound 

The E u l e r  c r i t i c a l  s t r e s s  uC 

The gove rn ing  system o f  equat ions  

The c a l c u l a t i o n s  were 

o f  10-4. 
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I n  a l l  cases, t he  c r i t e r i o n  d e f  
taken as 

n 

n i n g  t h e  c r i t i c a l  t i m e  t o  b u c k l i n g  tc i s  

= p =  1 ( 2 2 )  

Th is  i s  e q u i v a l e n t ,  under c o n s t a n t  l,ad, to t h e  c r i t e r i o n  

u1 = 0 

t h a t  i s ,  t he  s t r e s s  i n  ba r  element 1 becoming zero .  

(23)  

Behav io r  Under Constant Load 

I n  a l l  c a l c u l a t i o n s  t h e  compressive l o a d  i s  f i r s t  a p p l i e d  from zero ,  where 
the  deforming elements a r e  cons ide red  i n  a v i r g i n  s t a t e  ( i . e . ,  a, = a, = O), t o  
a nominal va lue  o f  t h e  a p p l i e d  s t r e s s  (u0 
Eu le r  s t r e s s  uC = 200 MPa t h e  nominal va 

OO -35 p = -  = -  
0 200 

C 

I n  t h i s  s e c t i o n  we p r e s e n t  t h e  c a l c u  

= P / A >  o f  -35 MPa. 
ue o f  t h e  r a t i o  p (eq .  (17 ) )  i s  

Thus, w l t h  the  

= -0.175 ( 2 4 )  

a t e d  r e s u l t s  for a c o n s t a n t  l o a d  P 
h e l d  a t  t he  above v a l u e .  F i g u r e  6 shows a response q(r) under these cond i -  
t i o n s  fo r  f o u r  d i f f e r e n t  va lues  of i n i t i a l  (nond imens iona l )  d isp lacement  

qo = 
0.02, 0.05, 0.10, and 0.2. The t i m e  1: = t i t o  i n  f i g u r e  6 i s  nondimensional ,  
be ing  normal ized  w i t h  r e s p e c t  t o  t h e  c r i t i c a l  t i m e  co r respond ing  t o  no = 0.02; 
t h a t  i s ,  t o  = 6 h r .  

F igu re  6 shows t h a t  t h e  c r i t i c a l  t ime  t o  b u c k l i n g  i s  reduced by  a f a c t o r  
o f  almost 8 w i t h  an o r d e r  o f  magnitude inc rease  i n  t h e  i n i t i a l  d isp lacement .  

For the  sake of comparison, a l l  subsequent c a l c u l a t i o n s  a r e  taken  t o  have 
the  i n i t i a l  i m p e r f e c t i o n  qo = 0.02 and a re  p resen ted  i n  terms o f  t h e  nondimen- 
s iona l  t ime 'I: = t / t o .  

Behav io r  Under V a r i a b l e  Load 

We f i r s t  cons ide r  t h e  e f f e c t  o f  r a p i d  l o a d  r e d u c t i o n s  and r e v e r s a l s  super- 
imposed on the  cons tan t  l o a d  u0 = -35 MPa (p  = -0.1751. 
i n s e r t s  o f  f i g u r e  7, l o a d  i n t e r r u p t i o n s  occu r  a t  t i m e  i n t e r v a l s  of T~ = 0.15 
w i t h  v a r y i n g  amp l i t ude .  These i n c l u d e  r e d u c t i o n s  ( i n  t h e  t e n s i l e  d i r e c t i o n )  
o f  o0 t o  -20 MPa and to  0 MPa ( i n s e r t  ( a ) ) ,  to  +20 MPa ( i n s e r t  ( b ) ) ,  and a 
complete r e v e r s a l  to  +35 MPa ( i n s e r t  ( c ) ) .  
h i s t o r i e s  on the  c reep-buck l i ng  response Q ( ' I : )  a r e  shown i n  t h e  r e s p e c t i v e  
curves (a ) ,  ( b ) ,  and ( c )  o f  f i g u r e  7 .  

A s  shown i n  t h e  

The c a l c u l a t e d  e f f e c t s  o f  these 
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Curve (a )  corresponds t o  the  l o a d i n g  h i s t o r i e s  i n d i c a t e d  i n  i n s e r t  ( a ) ;  
reduct ions to  -20 and 0 MPa. The response curve fo r  each i s  i d e n t i c a l  to  t h a t  
o f  f i g u r e  6 fo r  the same i n i t i a l  d isplacement 0.02, thereby i n d i c a t i n g  t h a t  no 
change i n  the b u c k l i n g  response has occurred.  
t o  i n s e r t  (b)  i n  which t h e r e  i s  a l o a d  r e v e r s a l  t o  uo = +20 MPa. H e r e ,  we 
begin to  see a measurable change i n  the  c a l c u l a t e d  creep-buck l ing response, 
the c r i t i c a l  t i m e  hav ing d imin ished from the cons tan t  l oad  case by about 
10 percent .  F i n a l l y ,  i n  curve ( c )  we observe a r e d u c t i o n  o f  more than 30 per-  
cent i n  the t i m e  t o  b u c k l i n g .  This  corresponds t o  the  h i s t o r y  o f  i n s e r t  ( c )  
where a complete load r e v e r s a l  from u0 = -35 MPa t o  u0 = +35 MPa occu rs  a t  
each load i n t e r r u p t i o n .  Immediately f o l l o w i n g  each r e v e r s a l ,  we see evidence 
o f  the reappearance o f  p r imary  creep. This  i s  a t t r i b u t e d  t o  the  presence o f  
dynamic recovery ( f i g .  1 )  where creep (or r e l a x a t i o n )  i s  observed to  be accel -  
e ra ted  w i t h  s t r e s s  r e v e r s a l s  -even  i n  the  absence o f  s i g n i f i c a n t  reve rsed  
i n e l a s t i c  s t r a i n .  Al though, t o  the  knowledge o f  t h e  authors,  these e f f e c t s  
have n o t  been observed d i r e c t l y  i n  creep-buck l ing phenomena, i t  i s  expected 
t h a t  such e f f e c t s  can occur ,  on the  b a s i s  o f  t h e  exper imental  obse rva t i ons  
i l l u s t r a t e d  schemat i ca l l y  i n  f i g u r e  1 .  

Response curve (b )  corresponds 

bar element 
i n  f i g u r e  6 
load-up t o  
increase i n  
creeps unde 
the geometr 
t h a t  i n  bar 

The i n f l u e n c e  o f  dynamic recove ry  i s  bes t  understood by c o n s i d e r i n g  the  
s t a t e  space (u,a> of  f i g u r e  8. Note t h a t  i n  f i g u r e  8 and a l l  subsequent repre-  
sen ta t i ons  o f  t h e  s t a t e  space, compressive u and a are  shown as p o s i t i v e  
and are p l o t t e d  upward and t o  the  r i g h t ,  r e s p e c t i v e l y .  Herea f te r ,  t he  r e l e v a n t  
quadrants o f  the s t a t e  space w i l l  be r e f e r r e d  t o  as the  f i r s t  (ua > 0) and the 
f o u r t h  (ua < 0). I n  f i g u r e  8 the t r a j e c t o r y  o f  the s t a t e  p o i n t  (u2, a2) f o r  

2 i s  shown corresponding t o  the  constant  load response curve (a )  
The segment OA t races  the  pa th  o f  the  s t a t e  p o i n t  d u r i n g  i n i t i a l  

-35 MPa. Some i n e l a s t i c i t y  i s  i n d i c a t e d  over  p a t h  OA by the  
the i n e l a s t i c  s t a t e  v a r i a b l e  a,. A s  u, i s  h e l d  cons tan t ,  bar  2 
OO = 

n e a r l y  constant  s t r e s s ,  and t h i  s t a t e  p g i n t  moves toward B .  A s  
c n o n l i n e a r i t y  becomes p r e v a l e n t ,  t he  s t r e s s  i n  bar  2 increases (as 
1 decreases), and the s t a t e  p o i n t  moves toward C. P o i n t  C co r re -  

sponds t o  the  buckled c o n d i t i o n  q = 1 i n  f i g u r e  6 ( cu rve  ( a ) ) .  

S i m i l a r l y ,  f i g u r e  9 shows the  t r a j e c t o r y  o f  the  s t a t e  p o i n t  f o r  t h e  load- 

Here ,  we see the  e f f e c t  o f  the  ab rup t  l o a d  changes as 
i n g  h i s t o r i e s  i l l u s t r a t e d  i n  i n s e r t  (a )  o f  f i g u r e  7; l oad  r e d u c t i o n s  t o  
-20 MPa and t o  u0 = 0. 
v e r t i c a l  ( e l a s t i c )  t r a j e c t o r i e s  i n  the  s t a t e  space, r e s u l t i n g  i n  no o v e r a l l  
change i n  the  s t a t e  pa th  OABC from t h a t  j u s t  considered fo r  a cons tan t  load.  
This ,  o f  course, r e s u l t s  i n  the  same creep-buck l ing response observed e a r l i e r  
f o r  the constant  load.  

uo = 

The s t a t e  pa th  o f  f i g u r e  10 r e l a t e s  t o  the  l o a d i n g  h i s t o r y  o f  i n s e r t  (b )  
i n  f i g u r e  7 .  Here,  we begin t o  see evidence of  s t a t e  recovery.  The l o a d  v a r i -  
a t i o n s  now produce s t r e s s  r e v e r s a l s  i n  bar 2 and the  s t a t e  p o i n t  t r a j e c t o r i e s  
are n o t  s imply  v e r t i c a l  ( e l a s t i c )  l i n e s  as be fo re ,  b u t  now fol low curved paths 
as the s t a t e  p o i n t  penetrates i n t o  the  f o u r t h  quandrant (ua < 0) corresponding 
t o  a r e v e r s a l  o f  s t ress .  The s t a t e  recovers w i t h  t h e  s t ress  r e v e r s a l ,  r e s u l t -  
i n g  i n  a r e l a t i v e l y  softer s t a t e  ( s m a l l e r  a2) upon r e l o a d i n g .  
i n g l y ,  the creep r a t e  i s  increased i n  response t o  each load  c y c l e .  Evidence 
of increased creep r a t e  f o l l o w i n g  r e l o a d i n g  i s  apparent i n  curve (b )  ( f i g .  7). 

Correspond- 
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Load h i s t o r i e s  i n v o l v i n g  l a r g e r  s t r e s s  r e v e r s a l s  produce increased s t a t e  
recovery.  F igu re  11 shows-the s t a t e  pa th  i n  bar  2 f o r  t h e  f u l l y  reversed load  
dep ic ted  i n  i n s e r t  ( c )  ( f i g .  7). I n  f i g u r e  11, t he  e f f e c t  of dynamic recove ry  
a t  each un load ing / re load ing  c y c l e  r e t u r n s  t h e  s t a t e  p o i n t  w e l l  back i n t o  the  
p r imary  creep regime. A s  observed e a r l i e r ,  c l e a r  evidence o f  t h e  r e j u v e n a t i o n  
o f  p r imary  creep a f t e r  each l o a d i n g  c y c l e  i s  seen i n  curve ( c ) ,  w i t h  t h e  t o t a l  
e f f e c t  o f  d i m i n i s h i n g  t h e  c r i t i c a l  b u c k l i n g  t i m e  by about 30 percent .  

Since the  p e r i o d  o f  a p p l i c a t i o n  o f  t h e  r a p i d  l o a d i n g  c y c l e s  (.e 0.15) 

F igu re  12 shows the  b u c k l i n g  response curves ~ ( T C )  for load 
was chosen q u i t e  a r b i t r a r i l y ,  we now i n v e s t i g a t e  the  e f f e c t  o f  the  ! requency 
o f  l oad  cyc les .  
h i s t o r i e s  i n v o l v i n g  a f u l l  r e v e r s a l ;  t h a t  i s ,  u0 = -35 to  +35 MPa (as i n  
i n s e r t  ( c )  f i g .  7), w i t h  pe r iods  .eo, r 0 / 2 ,  To/4, and ~018. (The constant  
l oad  response curve i s  a l s o  shown fo r  re fe rence . )  
o f  more f requen t  ( s h o r t e r  p e r i o d )  s t r e s s  r e v e r s a l s .  Reversals w i t h  p e r i o d  
~ 0 / 8  reduce the t ime to b u c k l i n g  by more than a f a c t o r  of 3. 

t he  creep-buck l ing t ime.  
i n s e r t s  of f i g u r e  13. Case a ( 1 . e . .  i n s e r t  (a )  and response curve ( a ) )  i s  
e q u i v a l e n t  t o  one o f  those considered p r e v i o u s l y  ( i n s e r t  (a)  o f  f i g u r e  71, 
where the  t ime d u r a t i o n  a t  t he  reduced l o a d  u0 = 0 i s  e f f e c t i v e l y  zero.  
h i s t o r y  produces no change i n  the  b u c k l l n g  response over  t h e  constant  l oad  
case. 

We see t h e  pronounced e f f e c t  

N e x t ,  we examine the i n f l u e n c e  o f  l oad  r e d u c t i o n s  o f  extended d u r a t i o n  on 
The l o a d i n g  h i s t o r i e s  considered a r e  shown i n  the  

This  

I n s e r t  (b)  d e p i c t s  the  h i s t o r y  where the  load, hav ing been a p p l i e d  fo r  
p e r i o d  T , i s  a b r u p t l y  removed ( a t  a r a t e  IUoI  = 96 MPa/sec> and h e l d  a t  ze ro  

the  column under constant  l oad .  
reduces the  c r i t i c a l  t ime as shown i n  curve (b )  by about 15 pe rcen t .  Here ,  t he  
t i m e  ‘I: 

fo r  a per  P od .el; a t l m e  comparable t o  t h e  a c t u a l  c r i t i c a l  t ime  (.eo = 6 h r )  o f  
The sequence i s  then repeated. 

i nc ludes  o n l y  t h a t  t i m e  i n  which the  l oad  u0 = -35 MPa i s  app l i ed .  

This  behavior  i s  b e s t  v i s u a l i z e d  i n  t h e  s t a t e  space (u2, a2), f i g u r e  14. 
S t a t e  recovery i s  observed as, i n  t ime, t h e  s t a t e  p o i n t  moves a t  ze ro  s t r e s s  
toward smal ler  a2; fo r  example, on t h e  first load  r e d u c t i o n  from p o i n t  D t o  
E .  Reloading r e t u r n s  t h e  s t a t e  p o i n t  to  a s o f t e r  s t a t e  than  b e f o r e  the  l oad  
r e d u c t i o n  and, correspondingly ,  t o  a h i g h e r  creep r a t e .  
sequence thus causes a c c e l e r a t i o n  o f  the  creep-buck l ing process. 

s t r e s s  i s  now increased a hundred fo ld  t o  100rl.  
curve ( c )  shows a f u r t h e r  decrease i n  t h e  c r i t i c a l  t ime, about 30 pe rcen t .  
The r e l a t e d  s t a t e  p o i n t  t r a j e c t o r y  shown i n  f i g u r e  15 i s  q u a l i t a t i v e l y  s i m i l a r  
t o  t h a t  of  f i g u r e  14 b u t  now shows s i g n i f i c a n t l y  increased recove ry  w i t h  the  
hundredfo ld  increase i n  h o l d  t ime  a t  t he  reduced s t r e s s .  

This  h i s t o r y  

R e p e t i t i o n  of  t h e  

I n s e r t  ( c )  o f  f i g u r e  13 shows a l o a d i n g  h i s t o r y  i n  which t h e  t ime a t  z e r o  
The corresponding response 

Comparison With P r e d i c t i o n s  by Norton Law 

I n  t h i s  s e c t i o n  we compare the  r e s u l t s  presented w i t h  those fo r  I d e n t l c a l  
l o a d i n g  h i s t o r i e s  based on a c l a s s i c a l  creep law o f  the Nor ton-Bai ley type; 
t h a t  i s ,  
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A r o u g h l y  e q u i v a l e n t  r e p r e s e n t a t i o n  was o b t a i n e d  by  c a l c u l a t i n g  t h e  s teady  
s t a t e  c reep  r a t e s  f o r  v a r i o u s  s t r e s s  l e v e l s  u s i n g  equa t ions  ( 1 )  t o  (4) and f i t -  
t i n g  e q u a t i o n  (25) t o  these " d a t a "  by choos ing  o p t i m a l  va lues  o f  B and N i n  a 
l e a s t  squares sense. T h i s  p rocess  y i e l d e d  t h e  f o l l o w i n g :  

B = 2 . 0 3 ~ 1 0 - 1 9  

N = 9.375 

wh ich  a r e  c o n s i s t e n t  w i t h  u n i t s  o f  u i n  MPa and & P  i n  h r -1 .  By u s i n g  
e q u a t i o n  (251, t h e  c r i t i c a l  t i m e  t o  b u c k l i n g  ( c o r r e s p o n d i n g  t o  t h e  c o n s t a n t  
l o a d  case o f  cu rve  (a )  f i g u r e  6 )  t u r n e d  o u t  to  be t b  = 7.8 h r ;  s l i g h t l y  
g r e a t e r  t h a n  t h e  e a r l i e r  r e f e r e n c e  Thus, i n  t h e  c a l c u l a t e d  r e s u l t s  
p r e s e n t e d  he re  ( f i g .  161, t h e  nondimensional  t i m e  'I: i s  o b t a i n e d  by  no rma l i za -  
t i o n  w i t h  r e s p e c t  t o  tb.  
u0 = -35 MPa i s  a p p l i e d .  
response q(r) f o r  a l l  o f  t h e  l o a d i n g  h i s t o r i e s  p resen ted  e a r l i e r  have been 
i n c l u d e d  i n  f gu re  16. A s  expected ,  t h e  t ime  t o  b u c k l i n g  i s  c o m p l e t e l y  una f -  
f e c t e d  b y  any o f  t h e  v a r i a b l e  l o a d i n g  h i s t o r i e s .  T h i s  i s  because t h e  c l a s s i -  
c a l  Norton-Ba l e y  r e p r e s e n t a t i o n  (eq.  (25)) f a i l s  to  account  fo r  s t a t e  r e c o v e r y  
i n  any form. 

tb  = 6 h r .  

The t i m e  p l o t t e d  i s  t h a t  f o r  wh ich  t h e  l o a d  
On t h i s  b a s i s ,  c a l c u l a t i o n s  o f  c r e e p - b u c k l i n g  

DISCUSSION 

Dynamic r e c o v e r y ,  as i l l u s t r a t e d  i n  f i g u r e  1 and by t h e  s t a t e  p o i n t  t r a -  
j e c t o r i e s  o f  f i g u r e s  10 and 1 1 ,  i s  c h a r a c t e r i z e d  i n  t h e  p r e s e n t  c o n s t i t u t i v e  
model t h rough  t h e  dua l  a n a l y t i c a l  forms o f  t h e  e v o l u t i o n a r y  l aw  (eqs .  2)). 
T h i s  d e s c r i p t i o n  i s  c o n s i s t e n t  w i t h  t h e  v i e w p o i n t  o f  Onat ( r e f .  17) i n  r e p r e -  
s e n t i n g  i n e l a s t i c  b e h a v i o r  t h r o u g h  t h e  s p e c i f i c a t i o n  o f  a n a l y t i c a l l y  d i f f e r e n t  
mathemat ica l  fo rms c o r r e s p o n d i n g  t o  v a r i o u s  r e g i o n s  of t h e  s t a t e  space. H e r e ,  
d i f f e r e n t  a n a l y t i c a l  forms a r e  s p e c i f i e d  depending o n  whether  t h e  s t a t e  p o i n t  
l i e s  i n  t h e  f i r s t  ( t h i r d )  quadran t  ua > 0 or t h e  f o u r t h  (second)  quadran t  
ua < 0 o f  t h e  s t a t e  space. I n  e f f e c t ,  t h i s  p e r m i t s  t h e  s t a t e  p o i n t  t o  r e c o v e r  
r a p i d l y  upon r e v e r s i n g  t h e  s t r e s s ,  even i n  t h e  absence o f  s i g n i f i c a n t  r e v e r s e d  
i n e l a s t i c  s t r a i n  ( f i g .  1 ) .  T h i s  f o r m u l a t i o n  i s  i n t e n d e d  as an i d e a l i z a t i o n  o f  
a p h y s i c a l  p rocess  where in  t h e  d i s l o c a t i o n  s t r u c t u r e  (or t h e  a s s o c i a t e d  s t r u c -  
t u r e  o f  i n t e r n a l  s t r e s s )  i s  a b r u p t l y  a l t e r e d  w i t h  a r e v e r s a l  o f  t h e  a p p l i e d  
s t r e s s ,  because p r e v i o u s l y  i m m o b i l i z e d  d i s l o c a t i o n s  a r e  r e m o b i l i z e d  on t h e i r  
s l i p  p lanes  ( r e f .  18) .  S ince  t h e  i n e l a s t i c  s t a t e  v a r i a b l e  a i s  t aken  as an 
averaged,  phenomenologica l  measure o f  t h e  d i s l o c a t i o n  m i c r o s t r u c t u r e  (or i t s  
a s s o c i a t e d  i n t e r n a l  s t r e s s  s t a t e ) ,  i t  too shou ld  r e f l e c t  a r a p i d  change as t h e  
s t r e s s  i s  reve rsed .  

The s p e c i f i c  f u n c t i o n a l  form o f  t h e  f i rst  o f  equa t ions  ( 2 )  i s  f o r m u l a t e d  
i n  accordance w i t h  t h e  exper imen ta l  r e s u l t s  of M i t r a  and McLean ( r e f .  19 ) .  
The second o f  equa t ions  ( 2 )  can be cons ide red  an a n a l y t i c a l  c o n t i n u a t i o n  of 
t h e  f i r s t  equa t ion ,  e v a l u a t e d  a t  a. ( s m a l l  a) i n  t h e  f i rs t  quadran t  o f  t h e  
s t a t e  space, i n t o  t h e  second quadran t ;  or w i t h  symmet r ica l  response i n  t e n s i o n  
and compress ion,  a t  -ao 

1 

i n  t h e  t h i r d  quadran t  i n t o  t h e  f o u r t h  quadran t .  
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Th is  amounts t o  a h i g h l y  i d e a l i z e d  r e p r e s e n t a t i o n  o f  t h e  u n d e r l y i n g  p h y s i c a l  
process, b u t  cap tu res ,  n e v e r t h e l e s s ,  t h e  e s s e n t i a l  f e a t u r e  - t h a t  a b r u p t  mic ro-  
s t r u c t u r a l  rearrangements o c c u r  w i t h  s t r e s s  r e v e r s a l s .  

The p a t h  o f  t h e  s t a t e  p o i n t  i n  the  f o u r t h  quadrant  oa < 0 i n  f i g u r e s  1 1  
and 12, and, thus  t h e  e x t e n t  o f  recove ry ,  depend on t h e  t o t a l  s t r a i n  r a t e  and, 
c r i t i c a l l y ,  on the  parameter ao. I d e a l l y ,  a or, more comprehensively,  a 
f u n c t i o n  of u and a r e p l a c i n g  i t ,  shou ld  be de termined from exper iments i n  
which the  recove ry  o f  c reep r a t e  or f low s t r e s s  under s t r e s s  r e v e r s a l s  i s  
measured d i r e c t l y ;  and n o t  i n f e r r e d  i n d i r e c t l y  from a v a i l a b l e  monotonic ten- 
s i l e ,  creep and/or  r e l a x a t i o n  d a t a  as was done here .  The p r e s e n t  representa-  
t i o n ,  however, i s  b e l i e v e d  t o  be adequate, and c o n s i s t e n t  w i t h  t h e  o b j e c t i v e  
o f  demonst ra t ing  t h e  s t r o n g  i n f l u e n c e  o f  s t a t e  r e c o v e r y  i n  c reep b u c k l i n g .  A 
more comprehensive d e s c r i p t i o n  o f  dynamic recove ry ,  i n  t h e  same s p i r i t  as t h a t  
descr ibed,  and t h e  r e l e v a n t  e x p e r i m e n t a t i o n  a r e  t o p i c s  o f  c o n t i n u i n g  research .  

0 ’  

Thermal recove ry ,  as d e p i c t e d  i n  f i g u r e  2 and i n  t h e  s t a t e  pa ths  shown i n  
f i g u r e s  14 and 15, i s  m a n i f e s t  i n  t h e  second ( n e g a t i v e )  te rm o f  t h e  B a i l e y -  
Orowan e v o l u t i o n a r y  equa t ions  (2). I n  the  a p p l i c a t i o n s  cons idered,  t h e  s t a t e  
p o i n t  recove rs ,  i n  t ime,  under c o n s t a n t  ( ze ro )  reduced s t r e s s ,  g i v i n g  r i s e  t o  
an inc reased  c reep r a t e  on r e a p p l i c a t i o n  o f  s t r e s s  ( f i g .  2 ) .  P h y s i c a l l y ,  t h i s  
macroscopic behav io r  i s  a s s o c i a t e d  w i t h  t h e r m a l l y  a c t i v a t e d ,  d i f f u s i o n  con- 
t r o l l e d ,  m ic roscop ic  processes such as c l i m b  of edge d i s l o c a t i o n s ;  which a l l o w  
d i s l o c a t i o n s ,  i n  t ime,  t o  bypass i m m o b l l i z i n g  o b s t a c l e s ,  t hus  p roduc ing  a 
s o f t e r  s t a t e  ( s m a l l e r  a). The i m p o r t a n t  m a t e r i a l  parameters i n  equa t ions  ( 2 )  
a r e  R ,  m, and p .  I d e a l l y ,  these parameters a r e  de termined from b o t h  creep 
d a t a  and i n f o r m a t i o n  o b t a i n e d  from s t r e s s  or s t r a i n  t r a n s i e n t  d i p  t e s t s  
( r e f .  6) t h a t  p r o v i d e  a d i r e c t  measurement o f  thermal  recove ry .  Again,  as 
these d a t a  were n o t  r e a d i l y  a v a i l a b l e  fo r  the  a l l o y  Nar loy-Z, t h e  p e r t i n e n t  
parameters were i n f e r r e d  i n d i r e c t l y  from a v a i l a b l e  d a t a .  T h i s  approach 
a l though  n o t  o p t i m a l ,  i s  cons ide red  c o n s i s t e n t  wi th t h e  p r e s e n t  o b j e c t i v e s .  

CONCLUSIONS 

We have examined t h e  c reep-buck l i ng  response o f  an i d e a l i z e d  (Shanley) 
column under some s p e c i a l  v a r i a b l e  l oad ings .  The two types  o f  l o a d i n g  cons id -  
e red  amount t o  s u p e r p o s i t i o n s  o f  t h e  f o l l o w i n g  l o a d  sequences on a cons tan t  
a p p l i e d  load:  ( 1 )  r a p i d  c y c l i c  u n l o a d i n g / r e l o a d i n g  sequences i n v o l v i n g  s t r e s s  
r e v e r s a l s ,  and ( 2 )  c y c l i c  l o a d i n g  t h a t  i n c l u d e s  i n t e r m i t t e n t  r e d u c t i o n s  of l o a d  
for  extended p e r i o d s  of  t i m e  ( a t  e l e v a t e d  tempera ture) .  

A l though t h e  sandwich column model used i s  h i g h l y  i d e a l i z e d ,  t h e  c o n s t i t u -  
t i v e  model i s  q u i t e  comprehensive i n  t h a t  i t  i n c o r p o r a t e s  a r e p r e s e n t a t i o n  of 
dynamic and thermal ( s t a t e )  recove ry .  There i s  s u b s t a n t i a l  expe r imen ta l  e v i -  
dence t h a t  many s t r u c t u r a l  a l l o y s  embody i n t e r n a l  mechanisms a t  e l e v a t e d  tem- 
p e r a t u r e  t h a t  a l l o w  i n e l a s t i c  s t r a i n  r a t e s  t o  inc rease  ( r e c o v e r )  f o l l o w i n g  
p e r i o d s  o f  harden ing .  I n  p a r t i c u l a r ,  t h i s  i s  b e l i e v e d  t o  be t r u e  for t h e  
r e p r e s e n t a t i v e  copper a l l o y  Nar loy-Z c h a r a c t e r i z e d  he re .  

l o a d i n g  h i s t o r i e s  fo r  any p a r t i c u l a r  s t r u c t u r a l  component; i n s t e a d ,  t hey  were 
chosen to  b e s t  i l l u s t r a t e  t h e  g e n e r i c  i n f l u e n c e  o f  b o t h  dynamic and thermal 
recove ry  on s t r u c t u r a l  behav io r  i n  the  presence o f  a c reep induced i n s t a b i l i t y .  

The l o a d i n g  sequences examined a r e  n o t  i n tended  t o  r e p r e s e n t  p r o t o t y p i c a l  
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We expect  t h a t  q u a l i t a t i v e l y  s i m i l a r  behav io r  w i l l  accompany more r e a l i s t i c  
v a r i a b l e  l o a d i n g  c o n d i t i o n s  (and more r e a l i s t i c  s t r u c t u r e s ) ,  and t h a t  n e g l e c t  
of s t a t e  recove ry  e f f e c t s  i n  such cases w i l l  l ead ,  s i m i l a r l y ,  t o  nonconserva- 
t i v e  p r e d i c t i o n s  o f  t h e  c r i t i c a l  t i m e  t o  c reep b u c k l i n g .  

The f o l l o w i n g  conc lus ions  can be drawn from t h i s  s tudy :  

1 .  S t a t e  recove ry  (dynamic and the rma l )  can have a s i g n i f i c a n t  e f f e c t  on  
c reep-buck l i ng  behav io r ,  t h a t  i s ,  on the  c r i t i c a l  t ime .  

2. F a i l u r e  t o  account f o r  s t a t e  recove ry  i n  t h e  c o n s t i t u t i v e  equa t ions  
can l e a d  t o  nonconserva t i ve  p r e d i c t i o n s  o f  the  c r i t i c a l  b u c k l i n g  t i m e  under 
v a r i a b l e  l o a d i n g .  

3. A c l a s s i c a l  Nor ton -Ba i l ey  t y p e  creep law, commonly used i n  creep- 
b u c k l i n g  analyses, does n o t  account for s t a t e  r e c o v e r y  and, t h e r e f o r e ,  may s i g -  
n i f i c a n t l y  o v e r  p r e d i c t  t h e  t i m e  to  creep b u c k l i n g  under v a r i a b l e  l o a d i n g .  

4. I t  i s  i m p o r t a n t  t h a t  c o n s t i t u t i v e  models (wh ich  a r e  t o  be used i n  
c reep-buck l i ng  ana lyses  I n v o l v i n g  v a r i a b l e  l o a d i n g )  a l l o w  fo r  r e c o v e r y  e f f e c t s ,  
and fu r thermore ,  t h a t  t h e  C h a r a c t e r i z a t i o n  t e s t s  used f o r  d e t e r m i n i n g  t h e  pe r -  
t i n e n t  m a t e r i a l  parameters i n c l u d e  d i r e c t  measurements o f  s t a t e  recove ry .  
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Figure 1 .  - Schematic representation of dynamic recovery. In the absence of 
stress reversals, the stress relaxations over a fixed time ab ,  cd, and ef 
show successive hardening. 
hj shows evidence of (creep) softening, that is, evidence of recovery of 
state (ref. 1 ) .  

After the stress reversal fgh, stress relaxation 
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Figure 2. - Schematic representation of  thermal recovery. Response i n  an 
interrupted creep test typically exhibits relatively small strain recovery 
E 

stress reduction, that is, recovery o f  state (ref. 2). 
but measurable softening (depending on the interval AT) following a r 
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F igu re  4. - Comparison o f  s t r e s s  r e l a x a t i o n  da ta  ( r e f .  15) and a p r e d i c t l o n  
for Narloy-Z a t  811 K (1000 O F ) .  

t h r e e  t e s t s .  S t a r t i n g  s t r e s s  i s  120 MPa. 
Crosshatched r e g i o n  i n d i c a t e s  range of 
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F i g u r e  5 .  - Geometry of the  Shanley sandwich column. 
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F i g u r e  6 .  - Nondimensional d isp lacement  versus  t i m e  fo r  i n i t i a l  i m p e r f e c t i o n s  
o f  qo = 0.02 (a ) ,  0.05 (b), 0.1 ( c ) ,  and 0.2 ( d ) .  
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Figure  7 .  - Nondimenslonal displacement versus time f o r  load ing  h i s t o r i e s  
depicted i n  i n s e r t s  ( a ) ,  ( b ) ,  and ( c ) .  
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F i g u r e  8 .  - S t a t e  space for ba r  2 showing s t a t e  pa th  for cons tan t  l o a d  
( cu rve  ( a ) ,  f i g .  6). U n i t s  MPa. 
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F i g u r e  9.  - S t a t e  space f o r  b a r  2 showing s t a t e  pa ths  co r respond ing  t o  l o a d i n g  
h i s t o r i e s  of i n s e r t  ( a ) ,  f i g u r e  7.  U n i t s  MPa. 
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F i g u r e  13. - Nondimensional d isp lacement  versus t ime  for l o a d i n g  h i s t o r i e s  
d e p i c t e d  i n  i n s e r t s  ( a ) ,  ( b ) ,  and ( c ) .  
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F i g u r e  14. - S t a t e  space for bar  2 showing s t a t e  p a t h  corresponding t o  
i n s e r t  ( b ) ,  f i g u r e  13.  U n i t s  MPa. 
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F igure  15.  - S t a t e  space for  bar  2 showing s t a t e  path  corresponding to 
i n s e r t  ( c ) ,  f i g u r e  13. U n i t s  MPa. 

488 



1 IO0 

0 ,  e o  

o .  eo 

0 . v o  

0 . 7 0  

0 . 0 0  0 . 2 0  O.UQ 0 . 6 0  a .  1 0  1 . 0 0  

T 

Figure 16. - Nondimensional displacement versus time for all loading histories 
using classical Norton type creep law. 
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